electrical control activity (also known as slowwave activity, pacesetter activity, or basic electrical rhythm (l-4, 7, 9) ) and its computer model were described in a previous communication (6) . The gastric electrical control activity (ECA) was simulated by an array of bidirectionally coupled relaxation oscillators (6) . The model showed intact and intrinsic frequency gradients and phase-lag patterns similar to those observed in anesthetized dogs. The present communication is an extension of these studies. In particular, the effects of a variety of partial circumferential and longitudinal cuts into the muscle layers of the dog stomach and their analogs in the computer model are described.
Results of these cuts were used to ascertain the strength of coupling in various parts of the stomach. The results add further support to the contention that an array of bidirectionally coupled relaxation oscillators is an appropriate model of electrical control activity in the stomach.
METHODS

Animal Studies
In all experiments, healthy female dogs weighing 1 O-20 kg were anesthetized with a solution of chloralose (2 %) and urethan (10 %) (3 ml/kg) given intravenously. Subsequently, sodium pentobarbital (60 mg) was given intravenously, if needed. The dogs had been fasted for 24 hr before the experiments.
A midline opening from the xiphoid process to 4-5 curl below the umbilicus provided access to the abdominal cavity. An additional cut was made below the rib cage on the left side. Abdominal temperature was monitored with a thermometer and maintained between 38.5 and 40 C b!r beat radiation and control of room temperature. Silver-wire electrodes (0.15 mm diameter) were irnplanted in the seromuscular layer of the stomach to record electrical activity. The indifferent or ground electrode was placed subcutaneously in the left thigh. All electrodes were implanted at the beginning of the experiment and th(l abdomen closed with hemostats to minimize handling of the organs and any fall in body temperature during the experiment.
Recordings were made on a six-channel Beckman Dynograph model R recorder with a curvilinear inkwriter. Lower and upper cutoff frequencies were set at 0.35 and 22 Hz, respectively.
Frequencies were averaged over 5-min periods, The minimum recording period at each electrode was 10 min.
Cuts were made only through the muscle layers to achievcb electrical isolation, as described before (7). Care was taken to avoid cutting large blood vessels, and in most cases hemostasis was achieved by temporary application of pressure. Distances between centers of cuts were measured in situ.
After completion of the experiment, the dog was killed; the stomach was removed and opened along the lesser or greater curvature, and distances between cuts remeasured. Little or no difference between the original and final measurements was found.
Partial cuts were made in a variety of ways to determint the relative strengths of couplings in the longitudinal and transverse directions in the antrum and the body of thcl stomach.
The strength of coupling among oscillators at different levels in the stomach was assessed by determining the minimum amount of muscle required at a particular level for the entrainment of distal lower frequency oscillators. For example, to determine the strength of coupling among oscillators on the lesser curvature side, a cut through muscle layers (made symmetricaly on the anterior and posterior sides) was begun at the greater curvature and extended in ~~1~s until the control waves of distal oscillators were un-$asc-locked1 from those of the proximal oscillators. The i;tltaller the amount of muscle remaining at this point, the stronger was the longitudinal component of the coupling at~ong oscillators of that region in the stomach.
III all dogs, two rows of electrodes were implanted in the slolnach. One row of electrodes was near the greater curvaturns (l-1.5 cm) and the other row was 2-3 cm away from it to\l.c'Zrd the midline of the stomach. The electrodes were IN tubered as shown in Fig. 1 . The cuts were made symmet-G;~lly in both the anterior and the posterior walls. The lcnqth of each cut at different stages was expressed as a I)(Arccntage of the circumference at the site of the cut. Some VII IS were also made along the longitudinal axis of the stomach.
The computer model was programmed on analog and II\ hrid computers as described before (6, 8) . Each oscillator & represented by the following system of differential u 1 ua tions.
The arrangement of oscillators in the model is shown in Fiq 2 (see ref 6 for further details of the model).
A cut ktwcen two oscillators in the model was simulated by r&cing the coupling factor between them to zero.
Chts beginning at greater curvature. Cuts beginning at the (:rmter curvature were made in eight dogs to determine the strength of coupling among oscillators on the lesser curva-IUIT side. The procedure of cuts and their effects are desuihed in detail for dog I, while a summary of cuts in dogs I anti 2 ' 1s given in Table 1 . The effects of cuts in all eight dogs NC summarized in Table 2 , along with the effects of cuts txqinning at lesser curvature (five dogs). DOG 1. First stage: the ECA frequency of intact stomach \I its 5.3 cycles/min.
A 50 % cut was made between electrodes 2 ;Ind 3 from the greater curvature side, at a distance of 13.0 C-III from the pylorus. Prior to the cut, the control wave 211 electrode 3 led the control wave at electrode 3A, and the wmol wave at electrode 2 led the control wave at electrode 2/I The control wave at electrode 2 lagged behind the c.ontrol wave at electrode 3 by 20". After the cut, the only sigGficant changes were that the control wave at electrode 2A led the control wave at electrode 2, and that the phase lag between the control wave at electrode 3 and that at electrode 2 increased to 68.6". The cut eliminated the longitudinal coupling between oscillators at electrodes 3 and 2. Evidently the oscillator at electrode 2 was now being driven by the oscillator at electrode ZA, since the control wave at the former was lagging behind that of the latter. This indicated that in the antrum area, strong coupling existed in the transverse direction. The longer chain of oscillators (3 to 3A, 3A to ZA, 2A to 2) through which the oscillator at electrode 3 was coupled to the oscillator at Control wavcj at electrodes 6-l are shown in Fig. 3 . The phenomenon of frequency pulling is evident in the control waves recordetf at electrodes 3 and 4.
Fourth stage: the cut in the third stage was extended to 100 %. No frequency pulling was observed at electrodes 3, 3A, 4, and 4A. The time periods of control waves at these: electrodes were nearly uniform.
Average frequency at these> J waves proximal and distal to the cut increased because the cut eliminated part of the longitudinal coupling betwee proximal and distal oscillators. However, longitudina 1 coupling in the rest of the circumferential length was strong enough for entrainment.
As the length of cut was increased, the longitudinal coupling in the remaining intact muscle ultimately became insufficient for frequency entrainment of distal oscillators.
The results of these experiments showeci that, in general, if the length of a cut beginning at thv greater curvature in the body of the stomach was more than 25-30% (mean 27.7 Yo, SD 14.7 in seven dogs; see Table 2:) it would cause unphase-locking of distal oscillators.
electrode 2 after the cut, resulted in substantially increased phase lag between these two oscillators.
Second stage: the cut in the first stage was extended to 100 %. The ECA frequency at electrodes 1, 1 A, 2, and 2A fell to 1.75 cycles/min.
The ECA frequency proximal to the cut was not affected. Table  1 ), no further reduction in distal control frequency occurred when the cut (5 cm proximal to the pylorus) was extended from 90 to 100 %. This sflowed that at this distance from the pylorus, the longitudinal coupling near the lesser curvature was negligibly s11~11 because its presence was not causing any frequency pulling.
Cuts beginning at lesser curvature. Cuts beginning at the lr~s~r curvature were made in five dogs (dogs 9-13) to assess IIIV strength of coupling among oscillators near the greater ('ur\'ature. The procedure of cuts and their effects are desu*ihed for one dog (9) in detail, while a summary of results iI1 this dog and another dog (10) is given in Table 3 . The mults of cuts in all five dogs are summarized in Table 2 &ng with the results of cuts beginning at the greater curva-NIW in other dogs. DOG 9. First stage; the ECA frequency of the intact stomach MS 6.1 cycles/min.
A 50 % cut between electrodes 3A and -I-I, 5.9 cm from the pylorus, was made from the lesser clIr\yature side. The control waves at all electrodes remained +lase-locked.
The phase lag between control waves at &c-trodes 3A and 4A increased from 137.5" before the cut to 173" after the cut. The control wave at electrode 3A led I!IC' control wave at electrode 3 before the cut by 12.2 O, but twc was no phase lag between them after the cut.
kond stage: the cut in the first stage was extended to 75 %. The ECA frequency was now 5.2 cycles/min, but all the control waves were still phase-locked.
The control wave at electrode 3 led the control wave at electrode 3A by 10.6".
Thzrd stage: the cut was extended to 90 %. The ECA frequency dropped to 4.3 cycles/min, but all control waves remained phase-locked.
The control wave at electrode 3 led the control wave at electrode 3A by 30.6". The phase lag of the control wave at electrode 3A from that of the control wave at electrode 3 increased at each stage of the cut as more and more of the longitudinal coupling affecting the oscillator at electrode 3A was eliminated.
Only the transverse coupling from the oscillator at electrode 3 was now responsible for the entrainment of the oscillator at electrode 3A.
Fourth stage: the cut was extended all around the circumference. The ECA frequency at electrodes 1, 1 A, 2, 2A, 3, and 3A reduced to 1.9 cycles/min, while at the other electrodes it was 4.3 cycles/min.
This experiment and those summarized in Tables 2 and  3 can be interpreted as follows: in the case of cuts beginning at the lesser curvature in the body of the stomach, no unphase-locking occurred even when up to 90 % (mean 82.6 %, SD 7.7 in five dogs) circumferential length of muscle was cut. The mean length of muscle required near the greater curvature (100 -82.6 = 17.4 %) is much less than the corresponding mean length required near the lesser curvature (100 -27.7 = 72.3 %) for the entrainment of distal oscillators.
With only 10 % muscle length remaining near the greater curvature, considerable frequency pulling was present. For instance, in dog 9, the distal control frequency was being pulled up from 1.9 to 4.3 cycles/min by this 10 % muscle length near the greater curvature. This shows that the longitudinal coupling near the greater curvature in the body of the stomach is much stronger than its counterpart near the lesser curvature or that on the midline of the stomach. Cuts beginning at both greater and lesser curvatures. These cuts were made in part to confirm the results of previous experiments and in part to compare the strengths of couplings in the longitudinal and transverse directions. It is evident from Fig. 1 A 50 % cut was made 2.25 cm from the pylorus between electrodes 1 and 2, from the greater curvature side (Fig. 1) . There was no change in the ECA frequency. The phase lag between control waves at electrodes 1 and 2 increased from 24.7" before the cut to 85" after the cut-.
Second stage: Another 50 % cut was made 3.5 cm from the pylorus between electrodes 2A and 3A, from the lesser curvature side (Fig. 1) . At all electrodes, the ECA frequency was unaffected.
The phase lag between control waves at electrodes 2A and 3A increased from 27.9 O before the cut to 103.2 O after the cut. Elimination of the longitudinal coupling between oscillators at electrodes 2A and 3A could explain the increased phase lag between control waves at these electrodes.
Third stage: another 50 % cut was made 6.3 cm from the pylorus between electrodes 3 and 4, from the greater curvature side (Fig. 1) . The control waves recorded at electrodes 1, 1 A, 2, 2A, 3, and 3A showed frequency pulling at an average frequency of 4.5 cycles/min.
ECA frequency at the proximal electrodes was unaffected. Fourth stage: a 50 % cut was made 8 cm from the pylorus between electrodes 4A and 5A, from the lesser curvature side (Fig. 1) . No further change in ECA frequency occurred.
Fifth stage: a 50 % cut was made 9.8 cm from the pylorus between electrodes 5 and 6, from the greater curvature side (Fig. 1) . ECA frequency at electrodes 6 and 6A was unaffected by this cut. The control waves at distal electrodes showed frequency pulling at an average frequency of 2.6 cycles/min; all were phase-locked. This experiment confirmed that the weakest link in the array of oscillators is the longitudinal coupling on the midline and near the lesser curvature in the body of the stomach. Neither of the cuts in the first two stages caused unphase-locking, indicating that the longitudinal coupling throughout the antrum is strong. Either half of the circumferential length of the muscle around the midline of the stomach in the antrum is enough for entrainment of distal oscillators.
Furthermore, in the antrum the transverse coupling is strong. In between cuts 1 and 2, i. e., from the region of electrode 2 to the region of electrode 2A in Fig. 1 , transverse coupling alone is responsible for the entrainment of distal oscillators.
The same is true for the transverse coupling in the regions of electrodes IA and 1 (Fig. 1) . Coupling between the regions of electrodes 3A and 4A was not strong enough for entrainment, and hence when the longitudinal coupling near the greater curvature was eliminated by cut 3 (Fig. 1) , unphase-locking of distal control waves occurred.
Since the longitudinal coupling near the lesser curvature is weak to begin with, its elimination by cut 4 (Fig. 1 ) had no effect on frequency pulling. However, when the longitudinal coupling near the greater curvature was eliminated by cut 5 (Fig. l) (Fig. 4) . It was subsequently extended to 5.5 cm. The control waves at all electrodes remained phase-locked. Thtl ECA frequency remained unchanged. Third stage: the cut was further extended by 1.9 cm (total length 7.4 cm). The control waves at electrodes 1 A, 2;1, and 3A became unphase-locked from the control waves at other electrodes.
The average frequency at electrodes IA, 2A, and 3A was 4.9 cycles/min, while at others it was 3. >j cycles/min.
Fourth stage: the cut was further extended by 2.2 cm (total length 9.6 cm). The ECA frequency at electrodes 1 A, 2'4, 3A, and 4A reduced to 2.3 cycles/min, while at others ir remained unchanged.
The control waves at all other elcctrodes were phase-locked.
The decrease in frequency (ckcreased pulling) shows that the longitudinal coupling ntw the lesser curvature is reduced proximally.
This experiment suggested that up to a distance of 5. The distal oscillators on the greater curvature side remained phase-locked with the tjroxirnal oscillators at all stages of the cut. In the body of the htonlach, therefore, the longitudinal coupling is stronger OII the greater curvature side (see before) than on the lesser rur\-ature side. In the antrum, however, longitudinal coupling was strong throughout.
No unphase-locking of distal oscillators occurred when the transverse coupling in this rcqion was eliminated.
This procedure of cuts confirmed the hdings of earlier experiments.
The above procedure of cuts was repeated in another dog ( 17). Results were similar. The unphase-locking of distal oscillators near the lesser curvature occurred when the cut MS extended from a length of 6.5 to 8.1 cm.
DOG 18. First stage: ECA frequency of stomach after the longitudinal cut on the posterior side was 4.8 cycles/min. h-e 50 % circumferential cuts, beginning at the lesser cur-\ ature, were made as shown in Fig. 5 . The distances of the ruts from the pylorus were 2.5, 5.0, 7.0, 9.8, and 12.8 cm, respectively. The control waves at all electrodes were phaselocked after the cuts. The ECA frequency was 5.1 cycles/ mm.
Second stage: longitudinal cuts were made, beginning at the ends of the circumferential cuts (Fig. 5) , such that only 1-m length of muscle layers was left intact between any MO circumferential cuts. The control waves at all electrodes \\ytlre still phase-locked.
The ECA frequency was 4.25 cab-cles/min. This experiment suggested that at any level of the elecrtically active region (6) the transverse coupling through I-cln length of muscle layers was enough to cause frequency (bntrainment for the existing difference of intrinsic frequencies between the oscillator at that level and the oscillator with the highest intrinsic frequency. A comparison of wengths of transverse couplings in the antrum and the t)c,dy of the stomach could not be made from this experi-[[lent because the difference of intrinsic frequency between (1 segment in the body of the stomach and the segment of tjl$lest intrinsic frequency is less than the difference of L 1 n trinsic frequency between an antral segment and the Gcxgment of highest intrinsic frequency (6) . Hence, less coupling should be required for the entrainment of proximal segments than for the entrainment of distal segments (5, 6).
The above procedure of cuts was repeated for another dog (19). Results were similar to those for dog 16. As a third stage of procedure for dog 19, the longitudinal cuts were completed so as to isolate the segment near the lesser curvature completely.
The isolated segments did not show any ECA after this stage.
Results of Simulated Partial Cuts in Gastric Computer Model
The relative magnitudes of coupling factors in the computer model of gastric electrical control activity were kept similar to those found in the dog stomach.
Longitudinal coupling was strongest among oscillators representing the greater curvature, weakest among oscillators representing the lesser curvature (6) , and intermediate among oscillators representing the midline. The increase of the longitudinal coupling factor among distal oscillators in the model was necessary to get a phase-lag pattern in the model similar to that observed in dog stomach (6) . Also an increase in longitudinal coupling distally was required to conform with results of longitudinal cuts on the midline of the stomach. Transverse coupling factors were then adjusted to get a) one frequency plateau in the entire gastric model, and b) results of partial cuts similar to those observed in dog stomach. The strength of transverse coupling had to be increased distally to achieve this. Oscillators 5, 6, 10, and 11 correspond to the oscillators in the antrum of the dog. Phase lag among these oscillators for the same difference of intrinsic frequency was much smaller than that among proximal oscillators representing the body of the stomach (6). The results of simulated partial cuts beginning at greater and lesser curvatures are summarized in Tables 4 and 5 . Results of these and other cuts described below were similar to those observed in the dog stomach. If the simulated cut was begun at the lesser curvature in the model, its length had to be longer to cause unphase-locking of distal control waves than if the simulated cut was begun at the greater curvature.
For example, cut 5 in Table 5 had to be extended right up to the coupling between oscillators 4 and 5 before it caused unlocking of distal control waves; whereas cut 2 in Table 4 (at the same level as cut 5 in Table 5 ) caused unlocking of distal control waves merely by the elimination of coupling between oscillators 4 and 5. Likewise, a cut beginning at the greater curvature could be made longer (cut 1 in Table 4 ) in the antrum than in the body of the stomach (cuts 2 and 3 in Table 4 ) before it caused unphaselocking of distal control waves.
The phenomenon of frequency pulling was also observed in the computer model. When cut 1 in Table 1 was extended to oscillators 5 and 11, the control waves of oscillators 6 and 11 showed frequency pulling ( Fig. 6 ). At this stage, control waves of these oscillators were not phase-locked with those of the others, but had an average frequency of 4.4 cycles/ min, which is higher than their own intrinsic frequencies of 2.6 and 2.5 cycles/min, respectively. Simulated cuts from both greater and lesser curvature sides. These cuts resembled those made in dogs 14 and 1.5. The cuts are illustrated in Fig. 7 . The results of these cuts are described below. b) Another cut added between oscillators lo-13 : still no change in ECA frequency or in the phase-locking of control waves was observed. c) Cut in (b) of this series extended ta 9-10: all control waves remained phase-locked without any change in EC,1 frequency.
d) Another cut added between oscillators 3-4: the fnquency of oscillators 4, 5, 6, 10, and 11 dropped to 3. I a5 cycles/min.
No change was observed in the frequency 01' other oscillators. e) Another cut added between oscillators 12-7 and 8-7: the frequency of oscillators 1, 2, 3, and 7 was 5.2 cycles/n& The frequency of other oscillators was 3.30 cycles/r&. The results were again similar to those observed in day stomach. So long as cuts were in the antrum (cuts up to stage c), no unphase-locking of distal control waves occurred. When cut was made as described in d) above, the longitu-/25.5
Unphase-locked, no frequency pulling Unphase-locked, frequency pulling dinal coupling near the greater curvature in the body of the stomach was eliminated. Longitudinal coupling near the lesser curvature and on the midline was left for the entrainlnent of distal oscillators; but since this coupling is the iveakest link in the array of oscillators, the control waves of distal oscillators became unphase-locked and their frequency of oscillation reduced to 3.15 cycles/min. Simulated Zongitudinai cut. This cut simulated the longitudinal cut in the dog stomach (dogs 16 and 17) . a) Cut between oscillators 6-11, 5-l 1, and 4-l 0: all control waves remained phase-locked without any change in ECA frequency.
b) Cut in a of this series extended to 3-9: no change in ECA frequency or in the phase-locking of control waves occurred.
G) Cut in b of this series extended to 2-8 : the control waves of oscillators 8, 9, 10, 11, and 13 were unphase-locked from those of other oscillators.
The average frequency at these oscillators was 3.6 cycles/min, while at others it was 5.0 cvcles/min.
The results of a longitudinal cut in tbe model were also similar to those observed in the dog stomach. A simulated longitudinal cut on the midline of the stomach and beginning at the pylorus did not cause unphase-locking of distal control waves on the lesser curvature side until it was extended into the body of the stomach. The control waves of oscillators near the greater curvature were not unphaselocked.
DISCUSSIOrv
In an intact stomach, each oscillator is under the influc'nce of a coupling which is the resultant of two components (6, S) , that the gastric electrical control activity is
